Abstract We followed prospectively 27 patients with severe acetabular bone-stock deficiencies due to developmental dysplasia of the hip. Mean preoperative patient age was 56 (34-78) years, mean Harris hip score was 31 (16-66) points and pre-operative mean acetabular angle of Sharp was 47°(34°-61°). Operative acetabular reconstruction was performed in 28 hips using reinforcement ring with a hook placed in the true acetabulum and autologous bone grafting. A 2-year clinical and radiological follow-up was available in 27 hips. Mean Harris hip score improved to 91 (70-100) points. There were no clinical or radiological signs of aseptic loosening in 25 hips, and the bone graft was radiologically incorporated in all hips. In 24 hips, a radiostereometric analysis showed low rates of non-progressive translation and rotation in 21 reinforcement rings. Three rings showed progressive translation and/or rotation at the 2-year follow-up and were rated probably loose.
Introduction
Total hip replacement (THR) for secondary osteoarthritis in developmental hip dysplasia remains a difficult and challenging procedure. Modern cementing techniques and new design of femoral components have substantially improved the long-term prognosis of stem stability [5, 22, 25] . On the other hand, in severe acetabular deformities with marked bone-stock deficiencies, implant fixation becomes a technical hazard and continues to be considered an unsolved issue [3, 7, 15] . The reinforcement ring (RR) with the hook of Ganz in combination with autologous graft augmentation has been designed to address this issue [8] . A previous in vitro investigation showed stable initial stability of an RR in acetabuli with bone-stock deficiencies simulating severe acetabular dysplasia [17] . Mid-term outcomes reported by the designer group are promising [8] . However, little data has been reported so far from independent authors to confirm the reproducibility of the results [2] . Radiostereoanalysis (RSA) is a validated tool for long-term prognosis of implant fixation in THR [1, 9, 12] . Hence, the aim of this study was to investigate the stability of an RR with a hook in developmental hipdysplasia using radiostereometric analysis.
Material and methods
The prospective study was approved by the local ethics committee, and informed consent was obtained from patients one day before the index operation. Twenty-eight consecutive hips (27 patients) with dysplasia were operated on using an RR with hook and autologous bone grafting. The RR (Centre-Pulse, Switzerland) is made of pure titanium with an external grit-blasted porous surface. There were six men and 22 women. Mean patient age at surgery was 56 (range, 34-78) years, and mean pre-operative Harris hip score was 31 (range, 16-66) points. Four patients were rated Charnley class A, and 23 patients were class B. All hips presented a positive Trendelenburg sign before the index operation. Mean pre-operative Sharp acetabular angle [21] was 47°(range, 34-61°). Severity of hip dysplasia was rated according to Crowe [4] ; there were nine type I, 13 type II, five type III and one type IV. Sixteen hips had previous surgery (eight Chiari osteotomies, two spherical osteotomies, nine proximal femoral osteotomies).
Surgery was performed under general anaesthesia with the patient in supine position. A direct lateral approach was used in 18 hips; an ilio-femoral approach was used in ten hips with previous acetabular or pelvic surgical procedure. All operations were performed by one surgeon (RPP). Reaming was performed to remove any remaining cartilage from the acetabulum or floor osteophytes. Care was taken to obtain 50% or more of host-bone coverage of the RR. Hence, in some hips, deepening of the acetabular floor was required. Autologous bone was harvested from the femoral head and from the proximal femoral metaphysis. After placement of the ring with the hook around the inferior border of the acetabular floor, the morcellised graft was impacted to the antero-lateral quadrant of the deficient acetabulum using the RR itself, with fixation from 6.5 mm titanium cancellous screws. The number of screws used was determined by the quality of the host bone. Structural autologous grafts were used in combination with morcellised grafts in Crowe III and IV hips to obtain adequate bone-stock restoration. An ultrahigh-molecular-weight polyethylene liner (Ceraver, France) was cemented (Palacos-R, Germany) in nine hips. A cup liner with a metal articulating surface (Metasul, Centre-Pulse) was cemented in the remaining hips. The cup was oriented in 45°of inclination and 10°of anteversion. Hips with full polyethylene liner received an alumina femoral head with a diameter of 32 mm and an uncemented femoral component with tapered design (Ceraver). A 28-mm Metasul femoral head and an un-cemented femoral component with conical or taper design (Wagner-Conus, CLS-System, CentrePulse) was used in the remaining hips. Postoperatively, all patients received deep-vein thrombosis prophylaxis using foot pumps. Partial weight bearing was started at day 2 after surgery and continued until the 8th postoperative week. Clinical and radiographic evaluation was performed using published criteria [10] . Radiolucent lines were rated according to Freeman [6] . RR stability based on conventional follow-up radiographs was assessed using the method described by Gill [7] .
Nine tantalum markers with a diameter of 1 mm were inserted into the periacetabular bone, and nine tantalum markers were inserted into the cup liner before implantation. RSA radiographic examinations were performed post-operatively and at 6 weeks, 3 months, 6 months, 1 year and 2 years after operation. Image processing was performed using a digital radiology system. The images were transferred to the software system using a scanner (Umax, Mirage II). RSA evaluation of the acetabular components was performed by an independent observer (NS) using the dedicated software tool UmRSA 4.1 (BioMedical Innovations, Sweden). Assessment of precision of our RSA equipment performed in a separate study showed satisfactory results [20] , comparable to those reported by other research groups [1, 12, 23] .
Results
A clinical and radiological follow-up of 24 months was available for 27 hips. One hip required revision surgery because of acute fracture of the cement and loosening of the polyethylene liner 3 months after the index operation. The RR and screws were firmly fixed in the acetabulum, and the autologous graft appeared incorporated with the host bone at the stage of revision. Mean Harris hip score at follow-up was 91 (range, 70-100) points; 25 hips were pain free and had a range of motion of 120°or more. No clinical signs of loosening were present at follow-up in 25 hips. A positive Trendelenburg sign disappeared in 25 hips after the index operation. No post-operative deep-vein thrombosis and dislocation were observed.
RR placement was within 5 mm of the anatomic joint centre in all hips. Mean post-operative hip joint centre distalisation was 13 (range, 3-39) mm; mean medialisa- Fig. 1 a Antero-posterior radiograph of a 29-year-old woman (body mass index 35) shows severe osteoarthritis secondary to developmental hip dysplasia and previous Chiari osteotomy. b Two-year followup after reconstruction using reinforcement ring with hook and autologous bone grafting. The centre of the hip was restored by placing the hook around the radiological teardrop. The graft healed without signs of resorption. Conventional radiograph shows tantalum markers in the peri-acetabular bone and in the polyethylene liner tion was 14 (range, 5-42) mm (Fig. 1) . Twenty-six RRs were considered stable on conventional radiographs. One RR showed progressive radiolucent lines at the construct's metal-bone interface and broken screws and hook at the latest follow-up. Bone scan of another ring rated stable on conventional radiographs showed possible aseptic loosening. Currently, both patients are symptomatic and are booked for revision surgery. Two rings showed partial non-progressive radiolucent lines along the lateral margin of the metal-bone interface. Osteolytic lesions were not observed within the 2-year follow-up period. All bone grafts healed fully and showed no signs of resorption.
A suitable 2-year RSA follow-up was available for 24 hips. Three asymptomatic hips rated stable on conventional radiographs were excluded because of incomplete RSA records at the latest follow-up. Twenty-one hips showed low rates of non-progressive translation and rotation of the RR (Table 1, Figs. 2, 3 ). Three hips (12.5%), including the hip with broken screws and hook and the hip with positive bone scan, showed progressive translation and/or rotation at the 2-year follow-up and were rated probably loosened ( Table 2 ). Patterns of displacement of the 24 hips subdivided into four groups according to the Crowe classification for severity of dysplasia showed no statistically significant difference (p≤0.05). Displacement patterns of the RR in hips with or without previous operation were similar.
Discussion
The objective of this study was to assess the in vivo stability of the RR with hook in developmental hip dysplasia using RSA. Patterns of migration were comparable to those reported in the literature using press-fit cups in hips with normal bone stock [12, 23] . Nevertheless, the average magnitude of the overall migration of the RR was noticeably higher, similar to values observed in THR revision settings [16] . Three of 24 hips showed progressive rotation and/or displacement of the RR at the 2-year follow-up mark, a predictive factor for implant fixation failure in the long-term [11, 13] . In addition, one hip required revision surgery following a fall by the patient, resulting in acute failure of fixation at the cement-metal interface of the acetabular construct. The patient was symptom-free and had normal hip-joint function before the accident. This mechanical complication was the only one seen in a consecutive series of 92 dysplastic hips treated in the last decade using the RR with hook [2] . The current (4%) and predicted failure rates based on RSA assessment (12.5%) of the present study compares favourably with short-and, respectively, long-term reports in the literature [2, 8] . Measurements on conventional radiographs show an accuracy of 0.5-5 mm and 1-6°, depending on the technique employed, the anatomic region investigated and the number of examiners. RSA can be performed with an accuracy of 10-250 μm of linear displacement and 0.03-0.6°of rotation [11, 20] . It has been shown that RSA can detect implant migration before onset of clinical and radiological signs of loosening and that there is a good correlation between increased displacement rates during the first 2 years after THR and late failure of fixation [11, 13] . RSA was developed by Probst in Germany and Selvik in Sweden in the early 1970s and has been used extensively to evaluate the migration of different types of THR components [1, 11, 12, 19, 20] , but so far, no investigation of the RR in hip dysplasia has been performed using this technique. The RR facilitates reproducible reconstruction of the anatomic hip centre by positioning the hook around the inferior margin of the acetabular floor (incisura acetabuli), a consistent landmark despite severe deformity and bonestock deficiency. Several clinical studies show that implant placement in the true acetabulum is essential to restore the function of the abductor mechanism and to achieve adequate host-bone coverage [14, 22, 24] . In contrast, poor long-term results have been reported when THR was performed with high hip-joint centre [7, 15, 25] . The hook does not act as a fixation device but helps prevent high or lateral placement of the ring and helps adequate coverage of the polyethylene liner, regardless of the degree of anatomical deformity. Intra-operative image intensifier is recommended to check correct hook positioning around the radiological teardrop. RR positioning for range of motion purposes is not as critical as it is with a standard acetabular component because of the freedom to fix with cement the polyethylene liner in the optimal anatomical orientation. Additional advantages of the RR are cementing of the liner, which avoids back-side polyethylene wear, and impaction of the bone graft between host bone and ring, providing permanent loading and preventing postoperative resorption [18] .
In conclusion, at a minimum follow-up of 2 years, 93% of the RR appeared clinically and radiologically stable and RSA showed low rates of linear translation and rotation in 87.5% of implants. The RR with hook provides adequate stability in poor bone-stock settings and prevents bonegraft resorption.
